Abstract An increasing trend in use of tracking devices such as geolocators is based on the assumption that the information gathered from such devices provides reliable information about the migratory behavior of free-living birds. This underlying assumption is rarely tested, as evidenced by the absence in many studies of controls, in particular treated controls, and so far never with a reasonable statistical power.
pinnipeds, and in birds ranging from albatrosses to songbirds (Stutchbury et al., 2009; Egevang et al., 2010; Bridge et al., 2013) . Over the last years, the use of geolocators has seemingly opened windows into the lives of many bird species, such as those living in offshore marine environments, showing that such devices may provide important biological information about the movement of animals. However, it has been also shown that geolocators can significantly increase drag on the bodies of small birds (Bowlin et al., 2010; Pennycuick et al., 2012) . Moreover, observations in some studies that individuals equipped with such devices deviate significantly from controls in terms of survival prospects, reproductive success or body mass (e.g., Adams et al., 2009; Stutchbury et al., 2009 ) suggest that caution is required for application of geolocators to wild birds and for interpretation of such data. Results of these studies have important ethical implications and suggest that care must be taken in the application of transmitting devices (e.g. radiotransmitters, geolocators) as highlighted on page 303 of ASAB guidelines (2012).
Therefore, we performed a meta-analysis of studies applying geolocators to wild birds to determine whether geolocators affect birds and if so, which traits are influenced, which species are more sensitive, and which attributes of geolocators have a stronger impact on physiology and reproduction of birds.
Material and Methods

Data Collection
An exhaustive literature search for studies in which geolocators have been applied to birds was conducted using 'Geolocators' or 'Geolocators*Birds' as keywords on the Web of Science as of 3 April 2013. We then included additional studies found by checking the literature quoted in each article found on the Web of Science. We also contacted authors to ask for data (e.g., sample size, control values) missing in the selected papers or for their own unpublished results.
Return rates were recalculated in cases where previously tagged birds were retrapped without geolocators by exclusion of these individuals. For example, if 8 out of 10 birds that were tagged were retrapped, but one of them was not carrying the geolocator, the return rate was calculated as 7/9 instead of 8/10. This is a more conservative approach than including in the calculation birds that lost the geolocator because it is impossible to know if birds were carrying the geolocator for almost the entire duration of the experiment or just lost the geolocator the day after they were tagged.
It is unlikely that there is bias in the data included given the random selection of studies to be included based on Web of Science. An exhaustive survey of the literature is not required because a random selection of references will provide unbiased estimates of effect size (Coté et al., 2012) . We extracted information on the mass of geolocators and the mode of attachment (with a harness or on a leg band) directly from the scientific papers.
Ecological Variables
For each study we extracted information on all ecological effects as published. If survival data for a control group were unavailable for a specific study, we compared the observed apparent survival estimate with the expectation based on literature information preferably from the same population, or in a few cases from a different population. We obtained body mass and mass of the geolocator from the studies, or if missing, we extracted information on body mass from Dunning (1993) . We estimated latitudinal migration distance in units of degrees latitude by recording the northernmost and the southernmost distribution limits for the breeding season and for the winter using Cramp and Perrins (1977-1994) and del Hoyo et al. (1992 Hoyo et al. ( -2011 as sources. Migration distance was simply the difference between mean latitude during breeding and mean latitude during winter. Although these estimates of migration distance are bound to be imprecise, there is no reason to assume that they will cause any systematic bias. Previous studies have obtained biologically meaningful results using this estimate of migration distance as an explanatory variable (e.g., Møller and Mousseau, 2007) . In contrast, if we relied entirely on migration distances as estimated by the use of geolocators, this could cause systematic bias if geolocators increased the cost of migration. We used the same sources to classify all species as aerial foragers or other categories of foragers.
Statistical Analyses
For each study (see Supplementary Material), we calculated effect size from test statistics reported in the original papers by using the equations given by Rosenthal (1991 , 1994 .1) and Rosenberg (2010) . When test statistics
were not included in the paper, we used means, standard errors/deviations or P-values and sample sizes to estimate effect sizes. We calculated an overall effect size for each study assigning a sign to the effect size depending on whether it was detrimental (i.e., had a negative effect on the animal, such as reduced survival compared to controls) or not (e.g., survival or body mass were lower in controls; in these cases the sign of the effect size is positive, but this does not imply a beneficial effect of carrying a geolocator).
Effect size was estimated by comparing birds with geolocator (treated birds) and birds without a geolocator (controls). As response variables, we used data on physiology (e.g., stress hormones, immune cells), body mass, reproductive performance (e.g., clutch size, fledging success), or survival (e.g., return rate). As explanatory variables, we used species, weight of geolocator, body mass, attachment type, foraging behavior (aerial or not) and migration distance. The group 'aerial foragers' included all species that spend large amounts of time on the wings independently of whether they eat flying insects or dive for fish or invertebrates. For body mass we predicted that effect sizes would be greater for species with small body mass and for large geolocators. In a few cases we did not have an expected adult survival estimate for control birds, and then we instead used published estimates from the literature (Alnås, 1974; Cramp and Perrins, 1977-1994; Poole, 2005) . Given that scientists are likely to have made every effort possible to retrap any bird with a geolocator, we consider that the survival estimates reported for geolocator birds are over-estimates relative to that of controls, and, therefore, that our estimated effect sizes are conservative.
The measure of effect size used in the meta-analyses was Pearson's correlation coefficient, which was subsequently transformed by means of Fisher's transformation to z-values for further statistical analysis. This measure of effect size was adjusted for sample size using N-3 as an adjustment factor (Rosenthal 1991, pp. 27-28) , based on the assumption that a larger sample size should provide a more reliable estimate of the unknown true relationship. We used data reported in the scientific publications or data reported by the authors upon request. Therefore, we also used the control samples from untreated birds as reported in the literature, but we did not include their sample size because we used control information for estimating expected values that were then used for comparison with the observed values. Again, the underlying reasonable assumption is that a larger control sample will provide a more reliable estimate of the effect in this group simply because sampling variance decreases with sample size. We calculated an overall effect using mean effect size adjusted for sample size after Fisher's z-transformation. The mean weighted zr values were tested against the null hypothesis of no effect by examining the significance of their associated r's. This was done by back-transforming the mean weighted effect size to a correlation coefficient and testing the significance of this coefficient given the total sample size (Rosenthal, 1991) . An estimate of heterogeneity in effect sizes among samples was subsequently calculated using the formula provided by Rosenthal (1991, pp. 73-74) , which has a χ 2 -distribution with K-1 degrees of freedom, where K is the number of analysis units. To estimate the possibility for publication bias, we calculated the fail-safe number, which refers to the number of unpublished null studies needed to eliminate the observed global effect size. We obtained that estimate by relying on the equations reported by Rosenthal (1991, p. 104) . All analyses were made using the software Meta-Win.
Results
Effect size of statistical outcomes varied considerably among studies from -0.74 to 0.48 with more studies with negative effects differing significantly from the value of zero than studies with positive effects (Fig. 1 ). We found a significant effect size of -0.098 (95% bootstrap CI = -0.154, -0.041) in a random effects meta-analysis weighted by sample size (Table 1) . Variation in individual effect sizes was no larger than expected due to sampling error (Table 1) .
This effect was significant and could not readily be eliminated by unpublished studies as reflected by Rosenthal's failsafe number (Table 1 ). There was a significant effect size independent of whether external information was included (Table 1) . We tested for a significant effect of the category of effect (condition, survival, other life history traits). Mean effect size was significantly different from zero for survival estimates, but not for other life history traits or condition (Table 1 ). The mean effect of geolocators for aerially foraging birds was significantly negative (Table 1) . Attachment method had a significant negative effect for leg band, while the effect for leg-loop backpack harness was not significant (Table 1) . Whether species migrated shorter or longer distances affected effect size (Table 1) . Species with a smaller or larger body mass had a significant negative effect (Table 1) .
In a meta-regression weighted by N-3 we found a significant model that accounted for 24% of the variance (Table   2 ). This model fitted the data as shown by a test for lack of fit (F 46, 15 = 0.94, P = 0.58). Effect size was more negative for aerially foraging species than for other species (Fig. 2a) . In addition, effect size increased with body mass (Fig. 2b ).
Furthermore effect size increased with migration distance (Fig. 2c) . Finally, effect size was significantly more negative for studies with geolocators attached to rings than with a harness (Table 2 ). There were no additional significant effects of whether external data for controls were used, geolocator mass or category of effect size.
We found no significant evidence of publication bias regardless of whether the rank correlation for estimating bias was performed between standardized effect size estimates and their variances (r bias = -0.0008, n = 69, P = 0.98), between effect size estimates and study sample size (r bias = -0.121, n = 69, P = 0.93), or between effect size and year of publication (r bias = -0.066, n = 69, P = 0.59).
Discussion
The main result of this meta-analysis of the effects of geolocators was an overall negative effect on fitness components such as survival. Effect size was larger for aerial foragers than for other species. Attachment method had a significant negative effect for leg band, while the effect for harness was not significant. Finally, there were significant additional effects of body mass and migration distance. We found no evidence of publication bias as reflected by nonsignificant funnel plots, a non-significant relationship between standardized effect sizes and their variances, or between effect size and publication year.
Geolocators are useful devices for identifying the migration routes and winter quarters of migratory birds and other animals, but also for describing migratory behavior and staging behavior in the annual cycle of migrants. However, this information may be biased if the behavior of birds with geolocators differs significantly from that of controls.
Comparison of geolocator and control birds depends on large sample sizes in order to achieve a reasonable statistical power, and such large sample sizes are rare in most field studies. Until such verification studies have been performed we caution against the use of information derived from application of geolocators on aerial foragers, but also other categories of birds as described below. For example, the physiological cost (e.g., higher stress or energy expenditure) of carrying additional mass, as represented by the geolocator, could limit the migration distance normally achieved or induce a bird to use alternative migration routes and staging areas that might exacerbate such a cost.
Although the effect on survival was statistically significant, that was not the case for body condition or other life history traits. We highlight, however, that there is no general consensus on whether higher stress hormones or lower levels of immune cells indicate a poor condition. We also highlight that the estimates of effects on body condition and other life history traits may have been under-estimated because mortality is unlikely to have been random with respect to these variables. It could be possible, for example, that for some species only high quality individuals are able to carry the geolocators, and hence any information gathered from these species would be biased toward a specific fraction of the population.
We are aware of at least ten additional unpublished studies not included in our analyses, and several of these studies apparently showed strongly negative effects of geolocators on migratory birds, although we were not allowed to report this information in our survey. Moreover, given that scientists are likely to have made every effort possible to re-trap any bird with a geolocator, we consider that the survival estimates reported for geolocator birds are over-estimates relative to that of controls. There are therefore several good reasons to believe that the effect sizes reported here are conservative.
Møller and Jennions (2001) have shown for all meta-analyses in biology that mean effect size typically accounts for 5%-7% of the variance. Although our mean estimate in this study is small, there were still significant effects on survival, especially for aerially foraging species and small birds. Small effects are difficult to document because of the large sample sizes required to achieve a power of 80% with a significance level of 5%. Thus it is impossible to make claims about statistical significance with a reasonable statistical power in most of the studies reviewed here due to small sample sizes. Here we have conducted a meta-analysis based on 7851 individuals, providing a high level of statistical power for evaluating the null hypothesis of no effects of geolocators.
We found a significant effect of aerial foraging on effect size, with no negative effect remaining among non-aerial insectivores after eliminating aerial foragers. We suggest that this major dichotomy can be attributed to the impact of geolocators on aerodynamics as reported in other studies (Barron et al., 2010; Bowlin et al., 2010; Pennycuick et al., 2012) . This finding also questions whether it is ethically defensible to use geolocators on aerial foragers because of the high mortality in the absence of any certainty that findings derived from such studies will be representative of performance under natural conditions. This is a very important point, as testified, for example, by the growing attention of committees to the impact of experimental procedures (e.g., marking and radiotagging on page 303 in ASAB guidelines 2012) on the welfare of wild animals.
We also found that the attachment method had a significant negative effect for leg band, while the effect for legloop backpack harness was not significant. This finding suggests that using leg-loop backpack harness might reduce any detrimental effects on the birds. However, there is variation in design of geolocators that is not simply related to geolocator mass or attachment, but also to other characteristics like light stalk length. It is therefore important to test the effects of the multiple components of a geolocator rather than just a few. Our data also challenge the rule of thumb of 5%, which recommends that the use of geolocators with an upper size limit of 5% of bird body mass would not harm the birds. In fact, almost all studies included in the present meta-analysis respected this rule.
There was an independent significant effect of body mass on effect size with more strongly negative effects (i.e., higher fitness costs) in small-sized species. Finally, there was a significant effect of migration distance, with effect size approaching zero at longer migration distances. We hypothesize that longer distance migrants may incur smaller costs of carrying a geolocator due to their physiology having been selected to carry varying amounts of fuel without being penalized in terms of fitness.
The use of geolocators without any treated experimental controls is surprising because their absence deviates from the design of experiments in all biological sciences, and because their absence may suggest that any findings at least for small bird species are biased. Here we suggest three possible methods for determining whether information about the whereabouts of individual birds provided with tracking devices is reliable. The argument relies on repeated measures of treated and control individuals in two subsequent years. Given that many migrants molt in the winter quarters or during migration, and that such migrants incorporate trace elements and stable isotopes permanently into their feathers (e.g., Szép et al., 2003) , any change in composition of feathers will arise as a consequence of change in location at the time of molt, as long as birds move among isotopically distinct locations. Therefore, feathers collected from control birds and individuals equipped with the tracking device before and after the device is attached might provide information about change in winter location.
A second approach would rely on the fact that corticosterone is deposited in feathers during molt (Bortolotti et al., 2008) , and that the use of a tracking device might permanently increase the level of circulating corticosterone (see Supplementary Material), if an individual was stressed by the presence of the tracking device. However, a lower corticosterone level in tagged birds than in controls might also indicate a potential detrimental effect on the animal, such as a deregulation of the physiological response mediated by the HPA axis (Cyr and Romero, 2007; Dickens and Romero, 2013) . Again, samples from the control group could form the baseline for evaluating the biological meaning of corticosterone level of the geolocator group. Additional physiological measures (e.g., oxidative damage level;
Costantini et al., 2011) might help our assessment of the effects of stress hormones.
A third approach would rely on arrival date being recorded in individuals with and without geolocators in the year when the geolocators were first attached and in the subsequent year. A treatment effect would result in a delay in arrival in the second year relative to the arrival date in the first year for geolocator individuals, but not for controls, if geolocators had a negative effect on research findings.
To conclude, excessive mortality in aerially foraging bird species (i.e., those species that spend most foraging time on the wings before catching insects or diving for fish or other types of food) and small birds provided with geolocators suggests that there are reasons to treat conclusions about the biological significance of findings concerning migration and migratory behavior of those species with caution. Our data also challenge the claim of a recent review suggesting that geolocators do not influence birds (Bridge et al. 2013) . Discrepancies between studies arose likely because Bridge et al. (2013) did not provide any statistical analyses of the reviewed studies to support their conclusions.
Our data also show that the leg band attachment method was more detrimental for the birds than the leg-loop backpack harness. Finally, results from our study highlight the need for robust pilot studies with proper experimental controls as is done in all other fields of the biological sciences.
Fig. 1 Effect size (z-transformed Pearson r) and 95% confidence intervals for different estimates ranked by effect size
Notice that many more negative than positive estimates do not overlap with zero (the vertical line).
Fig. 2 Effect size for impact of geolocators on birds in relation to (A) aerial foraging, (B) body mass (g) and (C) migration distance (º latitude)
The size of symbols reflects sample size. 
